In order to develop a method for evaluating the fluidity of high-fluidity concrete using cement paste, the relationships between the rheological properties of cement paste and the slump flow of the concrete were investigated, using several commercial Portland cements. The rheological constants of the cement paste were measured with a rotating viscometer changing the mixing procedure, dosage of superplasticizer, and the operation conditions of the viscometer. The yield values of cement pastes measured with a parallel-plate type rotating viscometer were found to show good correlation with the slump flows of concretes.
Introduction
Simplified mortar tests are often used for evaluating the fluidity of high-fluidity concrete. The fluidity of mortar or concrete is affected by the volume ratio of aggregate, the particle size distribution in the system as a whole (Tattersall 1991; Uchida et al. 1991) , and the state of surface water kept on aggregates (Ozu et al. 2001) . Conditions for making the properties of fresh mortar accord with those of fresh concrete have been proposed (Ozu et al. 2001 (Ozu et al. , 2002 .
The effects of the characteristics of cement and superplasticizer on the fluidity of high-fluidity concrete may be closely related to changes in the fluidity of the paste component. In particular, when there are no large differences in fineness and particle size distribution among different cement samples, there is no need to consider any physical interference from aggregates, so evaluation by means of a simpler paste test should be appropriate. However, there have not been sufficient examinations using this method to evaluate the fluidity of cement paste by paying attention to its relation to the fluidity of concrete. In a study that focuses on the relationship between the two materials, Hattori et al. (1984) examined the mechanical energy consumed during preparation of the concrete and paste, and reported that the paste must be mixed by providing a sufficient volume of shearing energy in order to reproduce the state of the paste in concrete. Similarly, Williams et al. (1999) sampled a part of paste from concrete mixed by removing fine aggregates of less than 4.75 mm in size, and reported that its rheology is similar to that of paste prepared using a high-shear mixer.
It is reported that polycarboxylic-acid type superplasticizer is also adsorbed by aggregates in concrete (Nakamura and Ogawa 1999) . Therefore, the amount of superplasticizer to be added when evaluating the fluidity of separately prepared paste will differ from the amount used for evaluating concrete. Furthermore, when concrete flows, paste will be pinched between aggregates and will receive shearing force. Powers (1968) reported that the minimum thickness of paste existing between aggregates is on the order of several tens of micrometers and it has been pointed out that this should be considered when evaluating the paste fluidity (Noguchi et al. 1995) .
Based on the above discussion, in order to develop a method for evaluating the fluidity of high-fluidity concrete using cement paste, we examined the relationships between the rheological properties of cement paste and the slump flow of the concrete.
Experimental

Materials
For the experiment, five types of ordinary Portland cement from different plants (symbols A to E) were used. These samples differed in Blaine specific surface area, the amount of SO 3 , and water-soluble alkalies. For coarse aggregate, crushed stone washed in water and then prepared in a saturated and surface-dry condition was used. For fine aggregate, sea sand was used, with silica sand with grain sizes adjusted mixed in to minimize the dispersion of particulate sizes. The sand was then used in a saturated and surface-dry condition. The characteristics of the cements and aggregates are shown in Tables 1 and  2 . Polycarboxylic-acid type superplasticizer (PC) was used for the superplasticizer.
Tests on concrete
The proportions of concrete used are shown in Table 3 . Two designed values of slump flow were set and the slump flow of concrete was adjusted by changing the amount of PC added. A pan-type revolving-paddle mixer with a capacity of 50 liters was used, with the volume of material to be mixed in a session set to 30 
Preparation of paste
The water-cement ratio (W/C) was fixed at 35%. The amount of PC to be added was set to within a practical range, 0.5 to 1.5 mass%. Ion exchange water, in which the PC had been initially dissolved in the same way as for the concrete, was added to the cement and a paste was prepared in a thermostatic chamber set to 20 ± 1°C. The paste was prepared using a Hobart mixer (Model N-50 made by Hobart Inc.; capacity of bowl: 5 liters; mixing speed: 285 rpm) or a high-shear mixer (Standard model made by Silverson Machines Ltd.; mixing speed: 2000 to 4000 rpm) with a mixing time of 2 min. In the case of high-shear mixing, the temperature of the paste was elevated up to approximately 24°C after mixing. The volume of paste to be mixed in a session was set to 430 milliliters when using a Hobart mixer and to 200 milliliters when using a high-shear mixer.
Evaluation of fluidity of paste
After 5, 30, and 60 min of mixing, the fluidity of the paste was evaluated using a rotational viscometer (Rotovisco RV1 made by Haake Inc.). As the measuring units, a concentric-cylinder type rotating viscometer (radius of the inner cylinder: 19.0 mm; clearance between the inner and outer cylinders: 2.7 mm; with slits at intervals of 1 mm) and a parallel-plate type rotating viscometer (radius of the plate: 30.0 mm; clearance between the upper and lower plates: 0.5 mm; with smooth surface) were used. To minimize the effect of segregation, the time from filling to measurement was minimized. The paste was stirred lightly using a spatula, subjecting it to pre-shear (200 s -1 ) for 30 s in the cylinders or the plates, and then letting it stands for 30 s. The shear rate was increased from 0 s -1 to 200 s -1 over 2 min and the shear stress was measured. The range of the straight part (from 50 s -1 to 150 s -1 ) in the flow curve was fitted to a linear equation. Then the yield value of the cement paste was determined from an intercept of the axis for shear stress. The measurement program is shown in Fig. 1 and a sample flow curve is shown in Fig. 2. 
Measurement of residual concentration of superplasticizer
Additional separately prepared concrete and paste samples were separated into solid and liquid using a centrifugal separator set to 3000 rpm (1880 G) for 10 min, following which the supernatant was collected. The supernatant was made acidic by adding 0.1 mol/L of hy- drochloric acid, diluted with distilled water, and the concentration of PC residing in the liquid phase was measured using a total organic carbon meter. During the test, the temperature in the centrifugal separator was maintained at 20°C. For the pastes, the amount of adsorption of PC was calculated using the following equation.
pc 1000 100 100 
Results and discussion
Examination of mixing methods
We examined the effect of each mixing method on the fluidity of the paste with the amount of PC added to the paste adjusted to the same amount that leads a slump flow of concrete to 550 mm or 650 mm. When the flow of concrete stops, the paste is keeping aggregates from moving. In this case a yield value of paste indicates an inhibitory force. However under this condition, viscosity was adopted as the index of fluidity because the yield value determined by the above way becomes nearly 0 in any paste. The viscosity of the paste when the mixing method is changed while the amount of PC added to paste is fixed at 1.2% is shown in Fig. 3 for cement D. The viscosity of the paste prepared using a high-shear mixer was less than that of paste prepared using a Hobart mixer, and the viscosity diminished as the rotating speed of the mixer increased. It seemed that these phenomena were caused by the destruction on the aggregation structure of the cement particles (Roy and Asaga 1979; Banfill and Saunders 1981) . Paste in concrete is mixed well as the distribution of cement particles approaches the equilibrium (Hattori et al. 1984) , so the paste becomes closer to its state in concrete when it is subjected to a high shearing force such as that in a high-shear mixer. In the test that follows, we will perform examinations by fixing the rotating speed of the high-shear mixer at 4000 rpm.
The relationship between the viscosity of paste prepared using a high-shear mixer and the slump flow of concrete is shown in Fig. 4 . Examples of flow curves after 5 and 60 min of mixing are shown in Fig. 5 . When the slump flows of concrete are the same, the viscosity of the paste varies from one type of cement to another, suggesting poor correspondence between paste and concrete. That is, the fluidity of paste does not accord with that of concrete when the amount of PC added to the paste is equal to what is added to the concrete. Furthermore, as shown in adding the same amount of PC since the PC was adsorbed by aggregates. Therefore, we examined the effects of the amount of PC added as follows.
Examination of the amount of PC to be added
The concentrations of PC in the liquid phase of paste and concrete prepared by adding the same amount of PC are listed in Table 4 . The relationship between the concentration of PC in the liquid phase of paste after 5 min of mixing and the amount of PC adsorbed by cement (adsorption isotherm) is illustrated in Fig. 6 . When the same amount of PC was added, the concentration of PC in the liquid phase of the concrete was lower than that in the paste. Furthermore, Fig. 6 demonstrates that the amount of the PC adsorbed did not reach saturation at the concentration of PC measured in the liquid phase of this concrete. It is not clear why the variation in concentration of PC in concrete is larger than in paste. One possibility is that hydration of cement may be accelerated in concrete.
The above results suggest that paste in concrete easily changes fluidity with time since the amount of PC adsorbed by cement was small. Consequently, to bring the concentration of PC in the liquid phase of paste close to its value in the liquid phase of concrete, less PC should be added during the preparation of paste than that added during the preparation of concrete. The relationship between the amount of PC added to paste and the concentration of PC in the liquid phase is shown in Fig. 7 , where it can be seen that the amount of PC added to paste cor- responding to the concentration of PC in the liquid phase of concrete after 60 min of mixing is 0.7% in Cement A and 1.0% in Cement D. Therefore, to reproduce the state of paste in concrete, it is necessary to reduce the amount of PC added for paste to 0.3% to 0.5% less than the amount of PC added to concrete. In this case, the required reduction in PC may vary depending on the kind of aggregates used, the type of PC, and the mix proportions of the concrete. In this test, we examined the relationship between the yield value of paste prepared using a high-shear mixer and the slump flow of concrete after the amount of PC added to the paste was reduced to 0.3 to 0.5% less than that for concrete based on the assumption that the amount of PC adsorbed by aggregates is almost constant. The results are presented in Fig. 8, and Fig. 9 illustrates examples of flow curves after 5 min and 60 min of mixing for cement A. As a result of reducing the amount of PC added, changes in fluidity with time were also observed in paste. Moreover, the yield value was observed in all paste exhibiting Bingham's fluid. The correspondence between the yield value of paste and the slump flow of concrete was good. Within the range of this test, no large differences among coefficients of correlation were observed when the volume reduction in PC was varied from 0.3% to 0.5%.
The differences in fluidity of paste were thus clarified, with correspondences between the paste and the slump flow of concrete appearing after the amount of PC added to the paste is reduced compared to the amount of PC added to the concrete. However, the dispersion of values was still large, and the method for measuring the fluidity needed also to be examined. Therefore, we examined the shearing conditions of the rotational viscometer.
Examination of methods for measuring the fluidity of paste
To reproduce the state of paste existing between aggregates in concrete, we investigated the fluidity of paste using a parallel-plate type rotating viscometer, which allows changes in the shearing thickness. The shearing thickness was set to 0.5 mm. This value was smaller than that of the concentric-cylinder viscometer used in this test. The flow curve of paste for cement A measured using the parallel-plate type rotating viscometer is presented in Fig. 10. Figure 11 shows the relationship between the yield value of paste obtained using a parallel-plate type rotating viscometer and that obtained using the concentric-cylinder viscometer when the amount of PC was kept constant at 0.8% for paste and 1.3% for concrete, respectively. When the parallel-plate type rotating viscometer was used with a small shearing thickness, a flow curve differing from that of the concentric-cylinder viscometer was obtained. The flow curve exhibited roughly pseudoplastic behavior in low shear rate, while the straight part appeared in the range above 50 s -1 . We determined the yield value of the cement paste in the same way as concentric-cylinder viscometer (Section 2.4). In the case of the parallel-plate type rotating viscometer, the shear rate varies according to the position on the plate. The gap of flow curves between parallel-plate and concentric-cylinder is caused by such difference in shearing conditions. Furthermore, the two curves are not directly proportional, though some correlations were observed between them. Some physical interference, such as engagement among particles, may thus have influenced the case where a parallel-plate type rotating viscometer was used. When measuring the rheology of a dispersed system, the usual approach is to adopt a larger shearing thickness to avoid such engagement among particles. However, the shearing behavior of paste in concrete seems close to the measurement made using the parallel-plate rotating viscometer with a small shearing thickness. Next, we investigated the correspondence between the measurements of paste made using these methods and the fluidity of concrete. For the paste prepared by reducing the amount of PC added to the paste by 0.5% below what is added to concrete and using a high-shear mixer, we obtained the yield value using concentric-cylinder and parallel-plate type rotating viscometers. Figure 12 shows the relationship between the result and the slump flow of the concrete. These figures indicate that the correlation between the yield value of the paste and the slump flow of the concrete is higher when using a parallel-pate type rotating viscometer with a smaller shearing thickness than when using a concentric-cylinder viscometer. However, the fluidity characteristics obtained using the parallel-plate type rotating viscometer under the measurement conditions of this test include many aspects that are difficult to understand. For example, it is difficult to interpret the shear rate, which varies according to the position on the plate. Further examinations are thus required, including determining to what extent common discussions on rheology can be applied.
It should be noted that the influence of the mix proportions of the concrete was not examined in this test. If the type and proportion of the aggregates and PC used are varied, however, it should still be possible to obtain a good correspondence between paste and concrete by adjusting the volume of PC added.
As described above, it may be possible to predict the fluidity of concrete by adopting a suitable method for mixing paste, determining the amount of PC to add, and adopting a method for measuring the rheological constant. Based on these results, it should become possible to evaluate the influence of the characteristics of cement and the properties of superplasticizers on the fluidity of concrete in the paste stage and incorporate this into the material design of concrete.
Conclusions
In order to develop a method for evaluating the fluidity of high-fluidity concrete using cement paste, we examined the relationships between the rheological properties of cement paste and the slump flow of the concrete. The main findings are as follows.
(1) The viscosity of paste mixed using a high-shear mixer and given a high shearing force was less than that of paste prepared using a Hobart mixer. (2) The concentration of PC in the liquid phase of concrete was lower than in the paste to which the same amount of PC was added. Therefore, to bring the concentration of PC in the liquid phase of the paste close to the state in concrete, a smaller amount of PC should be added during preparation of the paste than that added to the concrete.
(3) The correspondence between the yield value of paste and the slump flow of concrete was improved by using a parallel-plate rotating viscometer with a small shearing thickness.
